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High-field magnetization measurements were performed for the quasi-one-dimensional S =1 antifer-
romagnet Ni(C,;HgN;);NO,(ClO4) up to 39 T. Applied magnetic fields parallel and perpendicular to
the chain axis induce a transition from the nonmagnetic to the magnetic state at a critical field, H' =9.8
T and H* =13.1 T, indicating clear evidence for the existence of the Haldane gap. The observed gaps
are markedly different from those in neutron-scattering experiments.

PACS numbers: 75.10.Jm, 75.40.Cx, 75.50.Ee

Haldane' has predicted the existence of a quantum en-
ergy gap between the singlet ground state and the lowest
excited state in a one-dimensional Heisenberg antifer-
romagnet (1D HAF) with integer spin. After some con-
troversy this prediction has been verified by numerical
simulations®> and by rigorous proof for a solvable mod-
el.* The first experimental evidence for the Haldane gap
was given by Buyers et al.> and subsequently by Steiner
et al.® from inelastic neutron-scattering experiments of
CsNiCl;. Renard et al.,” however, pointed out that
CsNiCl; is far from the best candidate for a model sub-
stance to test the Haldane gap since the relatively large
interchain interaction (J'/J=10"2) induces a long-
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FIG. 1. Magnetization M and the field-derivative dM/dH
curves in the magnetic field applied parallel to the chain axis.
The critical field A is indicated by an arrow in the top figure.

range order at Ty =4.85 K. They suggested that an or-
ganic crystal Ni(C;HgN,);NO,ClO,4, abbreviated to
NENP by them, is a much better system of a nearly
ideal S=1 1D HAF having a large intrachain interac-
tion (J/k==50 K), a small anisotropy (D/k==1 K), and a
small interchain interaction. In fact, no 3D long-range
order has been observed down to 1.2 K. They conclud-
ed?® that the observed gaps for the longitudinal and trans-
verse excitations, E$ =30 K and E¢ =14 K, result from
the splitting of the Haldane gap of the pure Heisenberg
chain given by Ego=(EL+EZ)/2=22 K, in the pres-
ence of the large planar anisotropy D =10 K.

The aim of the present study is to observe a gap in
NENP by the high-field magnetization measurement.
The appearance of a gap between the singlet ground
state and the lowest excited triplet state results in zero
susceptibility at low temperatures. The application of a
strong magnetic field is expected to induce a finite sus-
ceptibility at some critical field corresponding to the gap
energy as a result of level crossing between the ground
state and the excited state. A preliminary report for a
powder sample has shown an interesting behavior.®

High-field magnetization curves of the single-crystal
NENP were measured at constant temperatures 4.2 and
1.7 K in high magnetic fields up to 39 T applied parallel
and perpendicular to the chain axis. The measurement
was made using an induction method with a multilayer
pulse magnet at the Ultra-High Magnetic Field Labora-
tory, Institute for Solid State Physics, Tokyo. The sam-
ple was prepared using a known procedure.’ The single
crystals were cut into rods, 3 mm in diam and 10 mm in
length, to fit a signal pickup coil.

Figures 1 and 2 show the magnetization curves in
magnetic fields up to 39 T applied parallel and perpen-
dicular to the chain axis, respectively. The field-de-
rivative curves of magnetization dM/dH are also plot-
ted. The results clearly prove the existence of an energy
gap between the nonmagnetic ground state and the mag-
netic excited state. We note four remarkable features in
these figures. (i) Data for both the parallel and perpen-
dicular fields exhibit a definite anomaly of magnetization
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FIG. 2. Magnetization M and the field-derivative dM/dH
curves in the magnetic field applied perpendicular to the chain
axis. The critical field H:* is indicated by an arrow in the top
figure.

at a critical field defined by the field at which dM/dH is
maximum. Values of the critical field for both direc-
tions, H'!=9.8 T and H}=13.1 T, are markedly
different from each other, implying the existence of an
anisotropic term in the energy gap. (ii) The observed
magnetization curves do not show an abrupt jump, but
an inflection at the critical field as is clearly seen in the
dM/dH curves, suggesting that this anomaly is not asso-
ciated with the first-order transition. (iii) The tempera-
ture dependence is appreciable only below the critical
field H., and the induced magnetization below H, in-
creases with increasing temperature, indicating a
thermal activation to the magnetic excited state. (iv)
The susceptibility at low field is practically zero for the
parallel direction, but finite for the perpendicular direc-
tion. This indicates the presence of an off-diagonal con-
tribution to the perpendicular magnetization, which is
reminiscent of a non-negligible single-ion anisotropy.
From the observed critical fields, H'!=9.8 T and
H}*=13.1 T, we can estimate the energy gap, E¢
=guugSH)!=14.2 K and E¢ =g, ugSH;>=19.5 K, for
parallel and perpendicular directions to the chain axis,
using gy =2.15, g, =2.22, and S=1. These values of
the energy gap are compared favorably with E. =11 K
and E¢ =17 K estimated from the low-temperature sus-
ceptibility data below 5 K.” This fact implies that the
effective energy gap Eq(H) under the magnetic field can
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FIG. 3. The theoretical magnetization isotherm at T=0 K
for S=1 1D HAF. Inset: Comparison of the observed magne-
tization data with the calculation. The fitting parameters are
J =47 K, g1 =2.15, and g, =2.22. Excellent agreement can be
seen for the data in the high-field region above the critical
field. The experimental data are depicted in a discrete manner
for clarity.

be expressed for both directions by the simple relation,
E& (H) =E&* —gi.nsSH . 1)

The effective gap is field dependent and the energy gap
closes at H,' and H;.

Parkinson and Bonner? performed numerical calcula-
tions of the magnetization for 1D HAF. As shown in
Fig. 3, the observed magnetization data are in excellent
agreement with the extrapolated magnetization isotherm
at T=0 K for S=1 1D HAF which is believed to be
exact except for the low-field region where the extrapola-
tion is not completed. The fitting parameters used are
J=47 K, gy=2.15, and g, =2.22. We found that the
low-field magnetization curve below the critical field
can be expressed by an exponential function, M
aexpl — Eg(H)/kT], as shown in Fig. 4. The fact indi-
cates that the energy gap is given by Eq. (1). We notice
a crossover phenomenon in the temperature dependence.
The observed strong temperature dependence below H.
is caused by this exponential dependence. The ratio

expl —Eg(H)/4.2 Kl/expl— Eg(H)/1.7 K]

is of the order of 10 to 50 depending on H. Above H,,
however, the vanishing gap results in nearly tem-
perature-independent finite susceptibility at low temper-
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FIG. 4. Enlarged figure of the magnetization curve for H |l
chain in the low-field region. The solid curves below H. repre-
sent the exponential dependence, M o expl — E¢(H)/kT], and
are smoothly connected with the magnetization isotherm at
T=0 K for S=1 1D HAF at H/. The experimental data are
depicted in a discrete manner for clarity.

ature. The temperature effect is now scaled by J instead
of Eg. The scaled temperatures, 1.7 K/J =0.034 and 4.2
K/J =0.084 with J =50 K, are sufficiently low to apply
the 7 =0 K magnetization isotherm.

It should be noted that the energy gaps determined by
the present experiment, E& =14.2 K and E¢ =19.5 K,
are different from those by neutron scattering, El=30K
and Eg =14 K, and the relative values are opposite each
other. More interestingly, our measurements show that
the gap closes at H., while neutron scattering reveals
that the gap is nearly independent of the field up to H..®
These discrepancies are considered to be due to the
different behavior of the energy gap at the zone center
(k=0) and at the boundary (k=x). This means that
the excitation spectrum in NENP is asymmetric about
k=r/2.

At present there exists no theory to describe the ener-
gy gap including the effect of the single-ion anisotropy.
We propose a heuristic formula to satisfy the present re-
sults and those of the neutron scattering as follows:

Eg(k,0) = (J/2)(1+acosk)

— D(cos20cosk +sin26/2) , )

where a is the numerical constant, D is the single-ion an-
isotropy constant, and 0 is the angle of the spin polariza-
tion from the ¢ axis. The first term corresponds to the
isotropic energy gap and its k dependence is essentially
the same as Eg (k) predicted by Arovas, Auerbach, and
Haldane!® except for the numerical constant. The
second term corresponds to the anisotropic gap consist-
ing of parallel and perpendicular contributions.

1426

For k =nr, Eq. (2) yields
Eg(z,)=0/2)10 —a)+D 3)
and

Eg(n,L)=0/2)(1—a)—D/2. )

Equations (3) and (4) are consistent with the numerical
result? near the Heisenberg point (see Fig. 13 in Ref. 2).
The isotropic gap is not given by Ego=I[Eg(x,I)
+Eg(m,L)1/2, but by [Eg(n,I)+2Eg(x,L)]1/3. The
physical meaning is rather transparent in view of the fact
that in the presence of the anisotropy the excited triplet
of the isotropic chain splits into a doubly degenerate
“transverse mode” and a “longitudinal mode” from a
massive excitation point of view. !4
For k =0, Eq. (2) yields

Eg(0,1)=0U/2)(0+a)—D (5
and
Eg(0,L)=(J/2)(0+a)—D/2. )

We assign the gaps observed from the neutron scattering
(NS) and the present experiment (M) to those at k =n
and k =0, respectively; that is

Eg(z, ) =EL(NS)=30K,

Eg(n,L)=Es(NS)=14K,
Eg(0,1)=E{(M)=14.2K,
Eg(0,L)=Ed(M)=195K.

Three adjustable parameters, J =44.2 K, a=0.12, and
D =10.6 K, completely satisfy four independent equa-
tions given above. The isotropic gap energy Ego(n)
=J(1 —a)/2=0.44J agrees with the predicted value of
0.4J.3 The ratio of gaps at k =z and k =0 in the isotro-
pic limit is given by

EGo(0)/Ego(n) =(1+a)/(1—a)=1.3.

The numerical estimation'® of this ratio is 2, implying
a=7+ in our expression. The value of J =44.2 K agrees
reasonably well with /=47 K determined from the mag-
netization isotherm. The anisotropy constant D =10.6 K
is also consistent with our EPR result!! as well as the
analysis of the neutron scattering.’

From the experimental finding that the gap at k=0
progressively closes with increasing field, while the gap
at k =7 remains constant,® it is suggested that the field-
dependent gap has the following form:

Eg(k,6,H)=E;(k,0) —g(0)upgSH cos?(k/2), (7)
where
2(68) =[(gycos0)*+ (g, sin0) 2] /2.

Equation (1) is the special case for k =0 in Eq. (7), and
the gap at k = is field independent, being in agreement
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with the neutron-scattering data. The numerical study?
shows that in the classical 1D system the gap at k=0
opens in proportion to H, while the spectrum is always
gapless at k =x. If this is relevant to the present system,
the energy gap of the present system at zero field is con-
sidered to be a Zeeman gap created by an effective nega-
tive bias field. '?

The final discussion is concerned with the nature of
the field-induced magnetic transition at the critical field.
We believe that this system exhibits a transition from the
Haldane state with the nonmagnetic singlet ground state
to a new ordered phase with the magnetic ground state
in the vicinity of H,.. Mixing of the excited triplet states
may cause the field-induced phase transition. Since any
1D system with short-range interaction does not undergo
phase transition at finite temperature, 3D nature of the
interaction is indispensable for the existence of the tran-
sition. We speculate that the transition is associated
with softening of the massive excitations as in the case of
the spontaneous ordering at T induced by the inter-
chain interaction.* From this point of view, the density
of the thermally excited massive excitations, ng
=expl—Eg(H)/kT] dominates the magnetization
below H,, giving the exponential dependence of the mag-
netization curve which is in agreement with the experi-
mental result.
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